Background. Several studies have indicated the central role of the megalin/cubilin multiligand endocytic receptor complex in protein reabsorption in the kidney proximal tubule. However, the poor viability of the existing megalin-deficient mice precludes further studies and comparison of homogeneous groups of mice. Methods. Megalin-and/or cubilin-deficient mice were generated using a conditional Cre-loxP system, where the Cre gene is driven by the Wnt4 promoter. Kidney tissues from the mice were analysed for megalin and cubilin expression by quantitative reverse transcription-polymerase chain reaction, western blotting and immunohistochemistry. Renal albumin uptake was visualized by immunohistochemistry. Twenty-four-hour urine samples were collected in metabolic cages and analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and western blotting. Urinary albumin/creatinine ratios were measured by ELISA and the alkaline picrate method. , Cubn lox/lox ;Cre 1 mice were all viable, fertile and developed normal kidneys. Megalin and/or cubilin expression, assessed by immunohistology and western blotting, was reduced by >89%. Consistent with this observation, the mice excreted megalin and cubilin ligands such as transferrin and albumin in addition to low-molecular weight proteins. We further show that megalin/cubilin double-deficient mice excrete albumin with an average of 1.45 6 0.54 mg/day, suggesting a very low albumin concentration in the glomerular ultrafiltrate. Conclusions. We report here the efficient genetic ablation of megalin, cubilin or both, using a Cre transgene driven by the Wnt4 promoter. The viable megalin/cubilin double-deficient mice now allow for detailed large-scale group analysis, and we anticipate that the mice will be of great value as an animal model for proximal tubulopathies with disrupted endocytosis.
Introduction
Megalin-and cubilin-mediated endocytic uptake is, at present, the only established process whereby proximal tubule cells reabsorb proteins from the glomerular ultrafiltrate. Under physiological conditions, the importance of the megalin/cubilin-receptor complex for protein and vitamin retrieval has been demonstrated by studies in animal models or patients, where dysfunction of either protein results in tubular proteinuria associated with specific changes in vitamin metabolism due to defective tubular reabsorption of carrier proteins [1] [2] [3] . Megalin/cubilin-mediated endocytosis may also be of significance in the pathology of proteinuric conditions. A large number of in vitro studies suggest that increased protein reabsorption in the proximal tubule is a-if not the-crucial factor for progression to end-stage renal disease [4] . This hypothesis has been challenged but has not been tested in vivo due to lack of an available model in which proximal tubule protein reabsorption could be reliably abolished [5] [6] [7] . Indeed, most Meg À/À mice die soon after birth [8] , whereas Cubn À/À die in utero [9] . Using MORE mice, a deleter strain in which the recombinase is expressed in the epiblast, we reported efficient inactivation of cubilin and megalin in the kidney, but low viability of the megalin knockout prevented use of this model on a large scale [10] . Because Wnt4 is expressed and plays an important role in epithelial transformation of metanephric mesenchyme [11] , we used a Cre transgene driven by the Wnt4 promoter to efficiently target the Cre recombinase activity to cells of the kidney.
Materials and methods

Breeding and genotyping of the conditional knockout mice
Mice bearing Meg lox/lox [12] , Cubn lox/lox or Meg lox/lox ,Cubn lox/lox [10] were crossed with Wnt4-EGFP-Cre transgenic mice [13] . Tail DNAs were analysed by polymerase chain reaction (PCR) for genotyping as described previously [10] . All mice were on a mixed C57BL/6-129/Svj background and 8-16 weeks of age at the time of use. Mouse breeding and handling was carried out in a certified animal facility according to the Danish Animal Experiments Inspectorate.
Tissue preparation and immunohistochemistry
Kidney extracts were prepared as described [14] . Ten micrograms of protein were analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. Kidney tissue analysed by quantitative reverse transcription (qRT)-PCR, was snap frozen in liquid nitrogen and stored at À80°C. For immunohistochemistry, kidneys fixed by retrograde perfusion with 2% parformaldehyde were processed as reported [10] . Images were obtained using a confocal laser-scanning microscope (LSM 510-META; Carl Zeiss, Gö ttingen, Germany) and processed using Zeiss Zen software (2009, Light Edition).
Antibodies
Antibodies against megalin, cubilin, albumin, DBP, RBP, transferrin, apoA-I, cathepsin B and a1-microglobulin were as previously reported [10, 15] , and rabbit-anti-actin (A5060; Sigma-Aldrich, St Louis, MO) was used.
Real-time quantitative PCR analysis
Total RNA was purified from kidney cortices by the use of RNeasy Mini Kit (Qiagen, Valencia, CA) and reverse transcribed using an oligo d(T) oligonucleotide primer (DNA technology, Aarhus, DK) and MULV reverse transcriptase (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed on a LightCycler480 (software v1.5) (Roche, Basel, Switzerland) using SYBR Green I Master (Roche) and megalin, cubilin or aquaporin-1-specific primers (sequences available upon request).
SDS-PAGE and immunoblotting
Proteins were separated by SDS-PAGE and visualized by immunoblotting as described [15] . Band intensities were quantified using the Odyssey software (v 1.2; LI-COR Biosciences, Cambridge, UK).
Urine analysis
Urine samples were collected as described [10] . Creatinine was determined with the Creatinine Companion (Exocell, Philadelphia, PA, USA). Samples corresponding to 1 lg creatinine were analysed by SDS-PAGE, followed by immunoblotting or Coomassie staining (Gel code Blue, Thermo Scientific, Rockford, IL, USA). Albumin concentrations were determined using a mouse albumin ELISA Quantification kit (Bethyl Labs, Montgomery, TX, USA).
Statistical analyses
All data were expressed as mean AE SD. Data were compared between groups using unpaired Student's t-test. A P-value <0.01 was considered statistically significant.
Results
Generation of conditional megalin-and cubilin-deficient mice
Mice bearing a floxed megalin allele [12] , a floxed cubilin allele or both megalin and cubilin floxed alleles [10] were crossed with mice transgenic for Wnt4-Cre [13] Table  1) . Efficiency of the Cre-mediated recombination in kidney tissues was verified in initial breedings by qRT-PCR (Figure 1 ).
Kidney inactivation of megalin and cubilin
Western blot analysis of kidney extracts (Figure 2 ) demonstrated that the amount of megalin, cubilin or both was reduced by > 89% in all groups of mice. This was confirmed by immunohistochemistry of the kidney cortex, demonstrating very rare tubules, often mosaic, expressing megalin and/or cubilin ( Figure 3) .
Albumin internalization
Immunohistochemical labelling for albumin in the kidney cortex of Meg lox/lox ;Cre 1 or Cubn lox/lox ;Cre 1 mice was consistently negative, except for the rare mosaic tubules where albumin uptake could be detected only in cells expressing megalin or cubilin (Figure 4) . ;Cre
Albumin excretion
Quantitative measurements of urinary albumin, expressed as albumin/creatinine ratios, and SDS gels ( Figure 5 ) revealed that albumin was excreted in all three groups of mice in significantly higher amounts than in controls. Furthermore, albumin excretion in Meg Together with the immunohistological observations, these data thus confirm that the uptake of albumin is dependent on both receptors and further demonstrate that the megalin/cubilin doubledeficient mice are a superior model for inhibition of albumin uptake. The urinary excretion profile of other megalin (RBP, DBP, cathepsin B) or cubilin (transferrin, apo-AI) ligands (data not shown) was similar to previous reports [10] .
Discussion
We here describe a model of megalin gene inactivation in mice, using the Cre-loxP technology in which the recombinase is driven by the Wnt4 promoter. This model overcomes both the poor viability of the constitutive knockout since all mice are viable as well as the variability seen in the apoE-Cre-mediated kidney-specific knockout since >89% of megalin is inactivated [12] . The early activity of the Wnt4 promoter [11] in the Cre 1 mice most likely accounts for the overall high inactivation of megalin and cubilin in the kidney. Besides the kidney, Wnt4 transcripts are also detected in the gonads [16] . However, inactivation of megalin and/or cubilin expression here did not affect development or fertility of the mice (data not shown).
The renal phenotypes were consistent with previous reports indicating that cubilin is crucial for albumin reabsorption [10] , but the availability of megalin-deficient mice as well as cubilin/megalin double-deficient mice permitted a more detailed analysis. Daily outputs of albumin in cubilinor megalin-deficient mice were not statistically different, whereas the albumin output of cubilin/megalin doubledeficient mice was significantly greater than that found in the urine of cubilin only deficient mice. Since there is no evidence for any reabsorption of albumin in the absence of cubilin and megalin, the urinary excretion can be taken as an estimate for the amount of albumin filtered. The value obtained in the cubilin/megalin double-deficient mice of 1.45 AE 0.54 mg/day translates to an albumin concentration in the glomerular ultrafiltrate of 4 lg/mL (assuming a glomerular filtration rate of 280 lL/min). This value is in agreement with micropuncture measurements made in rats [17] but is 10 to 100 times lower than the values measured by two-photon microscopy [18, 19] . This model, with no detectable endocytic uptake, offers unique opportunities to investigate other postulated mechanisms of albumin uptake [20] , including the so-called retrieval pathway [21] . More generally, the cubilin/megalin double-deficient mice can be used for assessing the renal clearance of macromolecules handled in the proximal tubule.
Studies in patients have established a correlation between the pace of disease progression and the amount of protein excreted in the urine. This role of proteinuria is supported by in vitro studies showing that exposure to albumin of tubule cells in culture activates inflammatory and fibrogenic pathways, as demonstrated in animal models [4] . Comparison of megalin-positive and megalin-negative cells in kidney-specific knockouts established a direct link between megalin-mediated endocytic protein uptake and induction of inflammatory processes [5, 6] . However, the significance for disease progression of these observations has not been established, essentially because the relative inefficiency of megalin inactivation did not allow meaningful group comparisons over a sufficient lapse of time. The availability of cubilin/megalin double-deficient mice now makes this possible, provided that an adequate model of nephritis is selected.
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